In the past, the attention of physiologists and doctors has been mainly focused on the key role of acid in the pathogenesis of gastroesophageal reflux disease (GERD), but increasing evidence that 20-40% of reflux patients respond not at all or only partially to proton pump inhibitors (PPIs) has underlined the concept that factors other than acid are implicated in its development and the elicitation of symptoms. Among these, impaired mucosal integrity, particularly in most patients with non-erosive reflux disease, has recently been reincluded and the reinforcement of defensive mechanisms and/or its protection has been reappointed as a renewed therapeutic target for the management of GERD patients. In this review we will summarize the existing knowledge of the old and novel compounds able to produce this therapeutic effect, including sucralfate, alginate-based drugs, and a new medical device consisting of hyaluronic acid and chondroitin sulfate dispersed in a bioadhesive carrier, together with the potential indications for their use. It is to be stressed, however, that, although these compounds may represent a real alternative to PPI therapy in GERD, the combination of mucosal protection with acid suppression may help manage many cases with a partial or unsatisfactory response to PPIs alone.
Introduction
Gastroesophageal reflux disease (GERD) is a pathological condition highly prevalent in western countries [1] [2] [3] [4] . Several recent epidemiological studies have reported a prevalence as high as 15-30%, depending on the population studied (European/US or Asiatic) [1] [2] [3] [4] . It has long been considered as a disease related to the presence of an increased reflux of gastric acid into the esophagus; accordingly, therapy was focused mainly on the use of antisecretory drugs [5] .
Proton pump inhibitors (PPIs), the most powerful compounds for the suppression of gastric acid secretion, have replaced H 2 antagonists (H 2 RAs) in the treatment of GERD, and nowadays are considered the first-choice therapy for both the acute and the chronic management of the various forms of GERD [6] . However, it has been shown that the interplay of multiple pathophysiological factors, mainly represented by altered motor functions, results in an excess of acid in the wrong place, namely in the esophagus (Fig. 1) , which is not familiar with acid and pepsin contact [7] . Accordingly, most clinical trials in the past that aimed to assess the efficacy of PPIs were carried out in patients with esophageal mucosal erosions (ERD) and the main therapeutic endpoint was the ability to heal them in the shortest time possible [8] . Other investigations have assessed the success of PPIs in keeping the esophageal mucosa healed in the long term [9] , as erosions tend to relapse early after the withdrawal of acute treatment.
However, in the past decade it has been realized that ERD represents a minority of patients with GERD (<30%), whereas the majority of them are included in the non-erosive reflux disease (NERD) phenotype, characterized by typical reflux symptoms, mainly heartburn, without any esophageal mucosal lesion visible on upper endoscopy [10] . This latter group of patients respond to PPIs less than the former with ERD [11] ; this rather surprising result arises from the fact that the NERD population is extremely heterogeneous from a pathophysiological point of view [12] .
The subdivision into several subgroups with various functional patterns has been made possible by the application in clinical practice of the modern technique of impedance-pH monitoring [13] , which has rapidly become the most useful technique for investigating gastroesophageal reflux [14] . For the first time, it helped us not only detect liquid and gaseous refluxes, but also distinguish acid, weakly acidic and weakly alkaline reflux events in the esophagus [15] . Nowadays, we are able to measure precisely both the global quantity of acid and nonacid reflux and the correlation between symptoms and the various chemical types of reflux [16] , thus greatly improving the diagnostic yield of the method [17] .
Today, NERD can be subdivided into three well-defined conditions (Fig. 2) on the basis of their esophageal acid exposure and positive or negative symptom association analysis [18] : a) patients with true NERD, who present an excess of acid in the esophagus (approx. 40%); b) patients with reflux hypersensitivity (RH), who have normal acid but a positive correlation between symptoms and acid or weakly acidic reflux (approx. 20-30%) or both; and c) patients with functional heartburn (FH), who have normal acid, no symptom-reflux correlation and so far, given the lack of evidence of reflux underlying their symptoms, do not pertain to the realm of GERD (approx. 30%). More recently, the last iteration of the Rome criteria for functional esophageal disorders (Rome IV) proposed that RH patients should also be considered as having functional disease, rather than GERD; however, some concerns remain about this novel classification, since the data in support of it are poor [19] .
Nevertheless, in keeping with the classification based on endoscopy + impedance-pH, it is not surprising that 20-40% of patients with typical symptoms of GERD respond not at all or only partially to PPI therapy, thus emphasizing the fact that factors other than acid are responsible for the generation of their symptoms [20] . For instance, in patients with NERD and RH, one of the most important mechanisms involved in symptom Figure 2 Pathophysiological heterogeneity of non-erosive reflux disease (NERD) by means of 24-h impedance-pH monitoring: the NERD umbrella concept generation has been shown to be the presence of microscopic esophagitis (i.e., histological abnormalities) [21] ; therefore, the detection of dilated intercellular spaces (DIS) has been strongly suggested as a histological marker of reflux disease [22] . In fact, many studies using electron microscopy have shown that the presence of DIS is a common finding in patients with NERD [23, 24] , but this histological alteration can also be detected by means of light microscopy [25] , which has the advantage of analyzing and scoring all the histopathological abnormalities characterizing microscopic esophagitis [26] . Indeed, we found in a recent study [27] that microscopic esophagitis, including DIS, is considerably less represented in controls (15%) and in patients with FH (13%) than in patients with RH (65%) and in those with increased esophageal acid exposure (77%), thus highlighting the potential role of this analysis in supporting the diagnosis of GERD or FH (Fig. 3 ) [28] . The above histological damage is relevant for inducing symptom development, because it permits acid and other substances to reach and activate esophageal chemosensitive receptors [29] . In particular, DIS can be caused by many components of refluxate, including not only acid, but also weakly acidic refluxes [30] , which explains why different chemical types of reflux are able to produce the same typical symptoms, such as heartburn, regurgitation and acid taste [31] . This alteration can be partially resolved by medical anti-reflux therapy [32] with consequent improvement of symptoms, thus suggesting that it might be a potential target for both medical and surgical therapies in patients with GERD [33] .
Protection of esophageal mucosal integrity
In patients with PPI-refractory symptoms, the development and adoption of drugs able to act on different pathophysiological mechanisms other than acid have been advocated in recent years.
In particular, great attention has been paid recently to the use of pharmacological or physical agents aimed at potentiating the defensive properties of esophageal mucosa, a therapeutic target so far overlooked [34] . The integrity of esophageal mucosa depends on a subtle balance between aggressive (acid, pepsin, biliary and pancreatic secretions) and defensive (saliva contents, secretions of mucus and bicarbonates, and good mucosal permeability) factors. Moreover, the resistance of esophageal mucosa is due to multiple factors, which are grouped into three categories: 1) preepithelial (salivary secretion, secretion of muco-bicarbonates); 2) epithelial (stratified cells of squamous epithelium that reduce the retro-diffusion of hydrogen ions and favor their neutralization); and 3) post-epithelial (mainly the mucosal blood supply supporting the mechanisms of cellular repair).
There are many studies showing that the defensive properties of the esophagus are impaired in most patients with GERD, particularly in those with NERD, who do not bear macroscopic mucosal lesions [35] . Indeed, the presence of DIS, which correlates strongly with transepithelial electrical resistance and reduced basal impedance (BI) levels detected in distal esophagus, is common in patients with NERD with or without abnormal esophageal acid exposure (i.e., true NERD and RH) and reflects the impairment of their mucosal barrier [36] . In particular, BI levels have been proposed as a marker of mucosal integrity, since they can be easily calculated using impedance-pH tracings, high resolution impedance manometry or a new endoscopic device [37] [38] [39] . Low BI levels are observed in cases of impaired esophageal mucosal resistance (erosive esophagitis, Barrett's esophagus, eosinophilic esophagitis) and patients with NERD also present lower BI values than healthy subjects and those with FH [40, 41] . Some authors have proposed a simplified method for measuring BI [42] , called mean nocturnal BI (MNBI), which consists of measuring BI at 3 or 5 cm above the lower esophageal sphincter during overnight rest by calculating the mean BI during three 10-min time periods around 1, 2, and 3 a.m., when swallowing and other potentially disturbing factors are absent. These authors observed that MNBI has the potential to be used as a practical and easy-to-calculate metric for evaluating the impaired status of esophageal mucosa to the point that its value expresses the real degree of microscopic esophagitis, a hallmark of both erosive reflux disease and NERD [43] .
Despite the evidence of altered mucosal integrity in most NERD patients, the reinforcement of defense mechanisms and/ or its protection have rarely been considered as a therapeutic target in GERD treatment. However, drugs able to strengthen mucosal defense exist, although they have not been extensively studied in large and well-designed clinical studies enrolling the various phenotypic forms of GERD. A concise review of the compounds available, their potential indications and the results of the few clinical trials performed will follow.
Sucralfate
This old agent is the aluminum salt of sucrose sulfate, able to adsorb bile acids and forms stable complexes with protein molecules, which in turn are resistant to the proteolytic action of pepsin. It has a great affinity for inflamed mucosa due to its viscous adhesiveness and the formation of polyvalent bridges between the negatively charged sucralfate and the positively charged proteins present in high concentrations in mucosal lesions [44] .
Clinical work by Orlando et al [45] has shown that sucralfate is protective against acid injury in rabbit esophagus by enhancing mucosal defenses through binding of pepsin and bile salts, neutralization of hydrogen ions by its content of aluminum hydroxide, and reduction in the permeability of esophageal mucosa to hydrogen ions.
Several clinical studies argued for the superiority of sucralfate versus placebo in alleviating GERD symptoms. For instance, 4 randomized, placebo-controlled investigations with variable doses (1 g b.i.d. to 1 g q.i.d.) and durations of treatment (6, 8 , and 12 weeks) showed that sucralfate provided some benefit over placebo in improving symptoms and healing erosive esophagitis, even though statistical significance was not achieved in two of the studies [46] . A multicenter trial [47] demonstrated that sucralfate was better than placebo in healing endoscopic lesions, and a recent meta-analysis [48] also confirmed the superiority of sucralfate over placebo as maintenance therapy of GERD, but it must be emphasized that there are conflicting data regarding the prevention of relapse in erosive esophagitis.
Furthermore, sucralfate seems to be equally effective as H 2 RAs in improving reflux symptoms and in inducing mucosal healing [49] . However, the tachyphylaxis commonly seen with H 2 RAs given for more than 2 weeks could partly explain the non-inferiority of sucralfate, because the clinical trials lasted for 4-8 weeks on average. It should be noted that there are no studies available in the medical literature comparing sucralfate with PPIs, currently the first-choice treatment of GERD.
Some good results obtained in published studies in patients with esophageal erosions might be explained by presuming that the compound could have been in contact with the esophageal mucosa for a more or less prolonged period of time. The combination of sucralfate and H 2 RAs has also been assessed in patients with reflux esophagitis in two studies [50, 51] ; the results concerning the control of symptoms and the healing of lesions have been conflicting, even though the number of patients enrolled in the positive trial was relatively small.
Overall, sucralfate seems to be superior to placebo and as effective as H 2 RAS in relieving symptoms and repairing mucosal erosions. However, the prevention of esophagitis recurrence remains an open issue, because large clinical trials have not been and probably will never be performed because of the remarkable success of PPI therapy. This is the reason why there are no comparative studies between sucralfate and PPIs.
Alginate
Alginate, alone or in combination with antacid, is used for treating symptoms of GERD, as it forms a raft floating over gastric contents and is able to reduce the number of acid reflux events [52, 53] . A second relevant property of alginate is to abolish or displace the postprandial acid pocket in patients with symptomatic reflux [54] . However, it has recently been shown that this compound may have also an esophageal mucosal protective effect, because alginates have been found to be endowed with bioadhesive potential, a property due primarily to their polymer chain length and ionizable groups [55] .
It has been demonstrated [56] that topical application of a sodium alginate solution to human esophageal biopsies immediately prior to acid exposure in Ussing chambers can greatly diminish the acid-induced reduction in transepithelial electrical resistance. In other words, alginates seem to be able to protect esophageal mucosa more directly by covering it for a prolonged period of time. Moreover, Woodland et al [57] confirmed this finding in a second model using 3D cell cultures by applying an alginate solution for 1 h after exposure of the system to acid. In esophageal biopsies, 60 min after protection with alginate solution, the acidic exposure diminished significantly as compared with a viscous control, and fluorescein-labeled alginate could be seen coating the luminal surface in all cases.
This also means that alginates have a direct protective effect on esophageal mucosa in addition to their mechanical action on refluxate and the displacement of the acid pocket. Furthermore, this adhesion to the mucosa is durable for up to 1 h and can therefore be another useful physical property of the drug.
As a likely consequence of the above findings, a recent clinical, randomized trial has shown that the combination of PPI + alginate was able to determine a percentage of heartburnfree days significantly superior to PPI alone during a treatment period of 28 days [58] . Furthermore, the use of alginate as add-on therapy (that is giving this drug while patients continue to take a PPI) in reflux patients with partial response to these powerful antisecretory drugs, controlled heartburn and improved quality of life significantly more compared to PPI alone [59] . In contrast, in two recent randomized, double-blind studies (exploratory, n=52; confirmatory, n=262), patients taking standard-dose PPI who had breakthrough symptoms, were randomized to add-on Gaviscon or placebo (20 mL after the three daily meals and bedtime). It was found that adding Gaviscon to PPI reduced breakthrough GERD symptoms, but a nearly equal response was observed with placebo [60] . A potential explanation of the latter negative result was that the selection of enrolled patients was based on the presence of refractory symptoms only (i.e., heartburn not responsive to PPIs) with the consequent risk of including in the study population a large number of patients with functional symptoms, who usually have good response to both drug and placebo [61] [62] [63] [64] [65] , as observed in the two abovementioned randomized trials.
Hyaluronic acid plus chondroitin sulfate
In the last years a new medical device containing hyaluronic acid plus chondroitin sulfate has been developed in order to improve esophageal mucosal defenses. The above two substances are dispersed in a bioadhesive carrier (poloxamer 407) to form a macromolecular complex, coating the esophageal mucosa and acting as a mechanical barrier against the noxious components of refluxate, including both acid and pepsin.
Hyaluronic acid is a widespread, biologically active substance, which regulates cellular function through interaction with specific receptors [66] . This high-molecularweight glycosaminoglycan is a component of the majority of extracellular matrices and is involved in several key physiological processes, including wound repair and regeneration, morphogenesis and matrix organizations. Topical hyaluronic acid formulations are employed to treat recurrent apthous ulcerations of the oral mucosa with fast symptom relief, to which the anti-inflammatory activity of the compound may also contribute [67] .
Chondroitin sulfate is a natural glycosaminoglycan that is present in the extracellular matrix surrounding cells, especially in the cartilage, skin, ligaments and tendons, where it forms an essential component of proteoglycans [68] . Current evidence shows that chondroitin sulfate fulfills important biological functions in inflammation, cell proliferation, tissue morphogenesis and wound repair. These effects are related to its capacity to interact with a large number of molecules, such as growth factors, protease inhibitors, cytokines, chemokines, and adhesion molecules [69] . Thus, the compound is endowed with immunomodulatory, anti-inflammatory and antioxidant properties. It may also display specific binding to pepsin, thus neutralizing the negative effect of this protein on esophageal mucosa.
Poloxamer 407 is a highly hydrophilic non-ionic surfactant that leads to enhanced solubilization of poorly water-soluble drugs and a prolonged release profile for many galenic applications [70] . The adhesive properties of poloxamer 407 are used to lengthen the residence times of agents in the gastrointestinal tract. Good adhesion in the esophagus with efficient diffusion of the drug into the mucosa was observed in the mouse [71] .
Overall, the above-mentioned medical device works by physical means, including mechanical action, a physical barrier, and replacement of or support to organs or body functions. An experimental study using a swine model showed that perfusion of esophageal lumen with this compound is able to prevent the increase in mucosal permeability induced by acid and/or pepsin [72] .
As to the clinical experience with this novel agent, there are two small prospective placebo-controlled studies showing that short-term treatment achieved significant and rapid symptom relief both in patients with erosive reflux disease [73] and NERD [74] . More recently, a prospective, double-blind, placebo-controlled trial was conducted in several Italian centers, aiming to verify the efficacy and safety of the above medical device combined with PPIs versus acid suppression alone in patients with NERD, diagnosed merely as endoscopynegative reflux disease [75] . Patients were treated for two weeks and the compound was given as a 10 mL stick 1 h after each daily meal and at bedtime. Placebo was administered in the same way and both groups also took one standard dose of PPI, 30 min before breakfast. The combination of PPI + hyaluronic acid-chondroitin sulfate was able to relieve symptoms more than PPI alone, and the improvement in quality of life was also significantly better with the former treatment, though for several items only. Of particular interest is the fact that regurgitation severity and frequency were ameliorated with the combined therapy; this is a remarkably good result if we consider that PPIs have a lesser effect on this typical reflux symptom as compared with heartburn [75] . Moreover, the safety and the palatability of the compound were found to be very good.
Overall, this study confirmed that PPIs combined with hyaluronic acid and chondroitin sulfate have a synergistic effect; therefore, mucosal protection, routinely added to acid suppression, could be extended to a larger number of patients with NERD in order to attain both symptom relief and an improvement in quality of life, thus reducing the incidence of PPI treatment failures.
Concluding remarks
Acid has attracted the attention of physiologists and doctors for many years as a fundamental factor involved in the pathogenesis of GERD and this has led to underestimation of the role of mucosal integrity in this process. The availability of new compounds, such as hyaluronic acid with chondroitin sulfate and alginates, which are able to strengthen the defensive properties of esophageal mucosa, has stimulated new research in this relevant field. It is unlikely that these agents will represent a real alternative to PPIs, but the combination of mucosal protection with acid suppression may help us manage many cases with a partial or unsatisfactory response to PPIs alone. In addition, the use of the above agents as add-on therapy to PPIs can be indicated in difficult cases. Finally, it cannot be excluded that mucosal protective compounds might prolong remission periods and therefore delay relapses, which are the rule in almost all GERD patients after PPI withdrawal. Obviously, future large and well-designed clinical trials will be necessary to prove the above hypothesis.
